A common technique of measuring population density of microorganisms grown in liquid media is to withdraw a sample of the suspension and measure its apparent optical density with a spectrophotometer. The device we describe is capable of continually and automatically monitoring the population density of microorganisms grown in suspension.
The population density of microorganisms growing in liquid media is commonly determined by withdrawing a sample of the liquid suspension and measuring its apparent absorption with a spectrophotometer. This is not a true absorption measurement since the microorganisms scatter the incident light rather than absorb it. Although there are some inherent problems with this technique, it generally yields sufficiently accurate measurements to make it a useful means for routinely monitoring cell populations (2) (3) (4) .
There are at least four disadvantages to this technique. (i) It requires the presence of an operator and is labor intensive.
(ii) The risk of contamination is introduced when flasks are opened. (iii) The number of cultures which can be monitored simultaneously is limited by the rate at which manual measurements can be performed. (iv) The volume of the culture decreases during an experiment, limiting the total number of samples that can be taken.
The work described here overcomes these disadvantages by providing a monitoring system capable of continually measuring the population density of aerobic and anaerobic microorganisms grown in shaker flasks. The probe design is shown in Fig. 1 . A plastic sensor head holds a light-emitting diode, LED (General Instruments MV5752), producing a narrow beam at right angles to a photodiode (United Detector Technology PIN-2DP-I). The sensor head is potted in silicone rubber (General Electric RTV-111) to isolate the diodes and the wiring electrically from the conductive culture media. Attached to the sensor head is a connecting rod and a spacing washer which serve to keep the sensing head immersed and to maintain the alignment of the device in the shaker flask. A hole through the spacing washer provides an access port for a pipette. An external electronics package contains a current-to-voltage converter circuit for the photodiode output and a driver circuit for the LED. The sampling of the output voltage, the state of the LED, and the control of the shaker bath are managed by a computer (Tektronix 4052) which also collects the data.
A data collection cycle consists of first stopping the shaker bath to permit air bubbles in the solution to rise out of the light path of the detector; in aerated cultures this period was typically 2 s. Then the output of the detector is sampled with the LED on and off to permit correction for ambient light conditions. The difference between the two is the measure of * Corresponding author. scattered light intensity, which depends on the concentration of suspended cells. A digital filter is used to smooth the data and eliminate noise.
The probe's performance was evaluated by comparison with the readings obtained with a Gilford-Beckman spectrophotometer. The optical density at 600 nm (GD600) was measured in cuvettes containing the indicated cultures at a wavelength of 600 nm up to an OD of 0.9; at higher ODs the culture was diluted to give ODs below 0.9, and the resulting value was multiplied by the dilution factor to give the actual OD. Three readings were made on each sample and the results were averaged. Monitored were the growth of Bacillus subtilis (strain 60001), Escherichia coli (strain Y1090), and Saccharomyces cerevisiae (homothallic strain Y), all of which were grown in synthetic media. The probe was sterilized with ethylene oxide and placed in a 500-ml culture flask with 75 ml of growth medium. After the medium was inoculated with a suspension of one of the microorganisms, the change in culture OD was automatically monitored by the probe system once every minute. The culture was permitted to grow until it neared the end of its growth curve as determined by a plot of the log OD6N versus time. The voltage output of the probe was calibrated by using the spectrophotometer values to determine the coefficients A and B for the following equation: OD = A x (V, -VO)B, where OD is the OD6w measured by the spectrophotometer, V, is the output voltage of the current-to-voltage converter, and VO is the output voltage measured in the growth medium prior to inoculation. This equation is an empirical best fit to both the data and the relationship of scattered light intensity to concentration of scattering bodies predicted by the analysis of Fratantoni et al. (1) .
Plots of the OD600 versus time and the calibrated OD obtained with the probe versus time are shown in Fig. 2 and have correlation coefficients of >0.99. The highest concentration of microorganisms which the probe could monitor was equivalent to an OD600 of 9 for cultures of B. subtilis, which is equivalent to a concentration of 2.1 x 109 CFU/ml.
The resolution of the probe is 0.05 OD unit.
To obtain an estimate of the variability of the probe measurements, the following analysis was made. The difference between each of the three consecutive probe readings and their mean was expressed as an absolute percent error of the mean and used to generate a data set composed of absolute percent errors. The means and standard deviations of these data sets were then calculated to provide an estimate of the accuracy and precision of the two measurement techniques. For B. subtilis and E. coli, the probe readings had mean absolute errors of 1% with standard deviations of 2 and 3%, respectively. For S. cerevisiae, the probe readings had a mean absolute error of 2%, with a standard deviation of 8%.
The variations in mean absolute error observed did not increase as a function of time nor did any systematic variation between the probe and the spectrophotometer readings occur as a function of time; thus, it can be inferred that the development of a biofilm, if any, was not significant for the conditions used here.
The probe has several advantages over the spectrophoto- 
